ABSTRACT: In 1992, a comprehensive survey of computer models for fire and smoke was conducted at the request of the Forum for International Cooperation on Fire Research. This study serves as an update to that work. One hundred sixty eight computer modeling programs for fire and smoke from several countries were identified and categorized. The developers were contacted and given an opportunity to supply information about their particular model via an electronic survey. The results of the survey will be made available on the internet at www.firemodelsurvey. com. A discussion of the categories of computer fire models is included, followed by lists of the identified models.
INTRODUCTION I
N 1992, FRIEDMAN [1] conducted a survey of computer fire models for the Forum for International Cooperation on Fire Research. This survey was widely published and offered a source of information on many computer fire models. The original survey work identified 74 computer-modeling programs, and outlined their use in the fire engineering profession.
In the ten years since the original survey paper was published, computer modeling of fire and smoke transport has become a more accepted practice. Increased use of computer modeling is due to a greater database of fire knowledge that has become available in the last ten years from research and experimentation as well as from more-sophisticated computer resources allowing for improved and faster computation methods to be employed. This increased use of modeling is also attributable to the move towards performance-based building codes in the United States and other countries. Instead of using a prescriptive building code, engineers now can design for egress of building occupants in unique geometries under varying fire conditions.
Due to the growth in the use of computer modeling, most of the computer programs listed in the original survey have been updated in the last 10 years. Furthermore, numerous new models have been developed. Hence, an updated list of available computer models for fire and smoke transport is warranted. The goals of this project were to:
(1) Update the survey information of the models identified in the original survey. (2) Identify and survey new models developed since the original survey. (3) Include supplementary information about the models including contact information, availability, price, and additional references in response to a letter to the editor suggestion [135] . (4) Provide a logical categorization of computer modeling programs, and include a description of each category. (5) Post the full, categorized results of the model survey on the Internet, allowing access of these results to the entire engineering community. (6) Create a mechanism to update the survey periodically. This will allow ample time for model development, while not allowing the database to become outdated.
The categories chosen for computer fire models include zone models, field models, detector response, fire endurance, egress, and miscellaneous. The miscellaneous category includes models that have characteristics covering several of the categories, making it difficult to be placed in a single category, or models that have unique capabilities which do not allow them to be categorized anywhere else. These categories are similar to those in the original survey [1] and to those outlined by Hunt [2] , who provides a general description of each category.
THE SURVEY
While the original survey was intended to provide basic information about each model, this new survey is intended to provide a comprehensive index of models, and reference information for the model descriptions and background. The survey is not intended to be the sole informational source for a particular model, but instead will provide enough information so that readers can decide if a model may meet their needs. Then, readers can review the references listed or contact the developer to obtain more detailed information.
The original survey of computer fire models [1] provided the following information:
This information provided a logical presentation of capabilities and critical data on each computer model. The current survey is modeled after Friedman [1] , with some changes and additions:
(1) The version number of the model is to be given. The reader will then know to what version the survey refers and whether the reader is working with an older or more recent version of the model. (2) A classification is provided as part of the model survey (i.e., zone model, field model, etc.) (3) Three types of references are requested: user's guide, technical references, and validation references. (4) The cost of purchasing the model is to be given. While many models may be available, it is essential to know if the model is affordable, as well as if special prices are available for students or researchers. (5) Contact information for the developer, or person in charge of maintaining the model is requested. The contact information provides the user a point of contact for further information.
A survey form encompassing all of the original and new information elements was then developed. Appendix A is a sample completed survey form for the NIST zone model FAST/CFAST. Complete results from the survey are available only on the internet at www.firemodelsurvey.com. In a number of cases, no updated survey information was obtained. This introduced gaps of information on some models in the database. When possible, these gaps were filled by using the original survey data. It is the intent of the authors to maintain and update this database. Hence, as other model surveys are submitted, they will be included in future updates.
THE MODELS
Before the model survey was created, the fire engineering community was polled to identify computer models for fire and smoke. The models identified by the fire engineering community were combined with those listed in the original survey, as well as others found in assorted fire modeling literature to develop a complete list of known fire models. These models were then categorized, and a survey form was sent to developers or known points of contact to collect more information about each model. Availability of a model was found to be an important area of interest in the engineering community. It was decided that all models should be included in the database even if the model is unavailable, outdated, or not maintained. The reason for inclusion of these models was that while newer, more sophisticated and better maintained models may be available, previous research work may involve older, now outdated and no longer maintained, and possibly unavailable models. The database with the inclusion of these models will provide researchers with a source that describes the characteristics of these older, no longer maintained, or unavailable models.
A description of the overall model identification and categorization is provided below:
Zone Models
A zone model is a computer program that predicts the effects of the development of a fire inside a relatively enclosed volume. In most applications, the volume is not totally enclosed as doors, windows, and vents are usually included in the calculation. Zone models for compartments have been developed for both single-room and multiroom configurations.
The 'zonal' approach theory to modeling plume and layer development in confined spaces was applied to fires by several groups in the 1970s, e.g. Zukoski [3] . The 'zonal' approach divides the area of interest into a number of uniform zones, that when combined, describe the area of interest as a whole [4] . Within each of these zones, the pertinent conservation laws (i.e. mass and energy), in the form of mathematical equations describing the conditions of interest, are solved [4] . The 'zonal' approach for an enclosure fire usually divides an enclosure into two distinct zones: the hot upper smoke layer and the lower layer of cooler air. The plume acts as an enthalpy pump between the lower layer and the hot upper smoke layer. In reality, depending on the room size and heat release rate of the fire, there is no perfectly defined 'interface' between the hot upper smoke layer and lower layer and the hot upper smoke layer is not an uniform temperature (as higher temperatures are observed closer to the fire and plume); however, the use of two uniform zones allows for reasonable approximations of the development of a fire in an enclosure under many conditions.
Since the original survey [1] , only a few new zone models (approximately 20) have been identified. While many of the models identified in the original survey have been improved, the basic zonal approach has been studied thoroughly and, therefore, the opportunities to develop a novel zone model are limited. Table 1 lists the zone models which have been identified for the model survey.
Field Models
Field models, like zone models, are used to model fire development inside a compartment or a series of compartments. While a zone model divides the compartment into two zones, and solves the conservation equations (i.e., mass, energy, and momentum) within these zones, a field model divides the compartment into a large number (on the order of thousands) of control volumes and solves the conservation equations inside each control volume. This allows for a more detailed solution compared to zone models. Because there are more than two uniform zones, a field model can be appropriate for more complex geometries where two zones do not accurately describe the fire phenomenon. They can also be used for fires outside of compartments, such as large outdoor fuel tank fires [136] .
While field models provide very detailed solutions, they require detailed input information, and usually require more computing resources in order to model the fire. This can create a costly time delay in obtaining a solution while zone models usually provide a solution more quickly.
In this study, nearly twice as many field models were identified than that in the original survey. This trend of increasingly growing numbers of field models stems from improved computer hardware which allows for faster, more complex computational techniques. Table 2 lists the field models which have been identified for the model survey.
Detector Response Models
Detector response models predict primarily the time to activation of an initiating device. While most of these models predict the response of a thermal detector, sprinkler, or fusible link to a fire-induced flow, a few calculate the response of a smoke detector.
Typically, these models utilize the zonal approach to calculate smoke and heat transport, but utilize submodels to determine the response of the thermal elements in the detectors to the heat and flow field. The inputs to the submodels are usually the characteristics of the thermal element (such as RTI and activation temperature), location of the thermal element, and the heat release rate of the fire. For some of the more sophisticated detection zone models, details such as compartment geometry and building material characteristics are required. The model then uses simplified modeling of the fire and calculates the heat transfer at the thermal element to determine the time to activation. Care should be taken in selecting the proper model as some are valid only for flat ceilings, while others are valid only for unconfined ceilings. These factors limit the applicability of each model. Since the original survey [1] , a few new detection models have been developed. There also have not been many improvements in the detection models identified in the original survey. This trend is due to the fact that detector response, particularly thermal detector response, is a well-known phenomenon that is already modeled fairly accurately by the current models. A growing number of field models also allow for smoke and thermal detection. Table 3 lists the detector response models identified for the survey.
Egress Models
Egress models predict the time for occupants of a structure to evacuate. A number of egress models are linked to zone models, which will determine the time to the onset of untenable conditions in a building, but there are also stand-alone versions available. Egress models are often used in performance-based design analyses for alternative design code compliance and for determining where congestion areas will develop during egress.
Many of these models are quite sophisticated, offering unique computational methods, as well as interesting features including the psychological effects of fire on occupants due to the effect of smoke toxicity and decreasing visibility [5, 6] . Many of these models also have useful graphical features so the movement of people in a building can be visualized during a simulation.
Approximately four times as many egress models have been identified in this work than were identified in the original survey [1] . This trend is again due to the fact that improved computer resources allow egress models to be created for more complex geometries involving the movement of larger groups of people. This trend is also due to the move that has been made or is being made towards performance-based design of buildings and therefore the evacuation of occupants through unique geometries and varying fire scenarios must be considered. Table 4 lists the egress models which have been identified for the model survey. 
Fire Endurance Models
Fire endurance models simulate the response of building structural elements to fire exposure. Some of these models are stand-alone, while others are incorporated into zone or field models. The concept of fire endurance models is the same as that of the field models. The structural object is divided into smaller volumes, and the equations for thermal heat transfer and mechanical behavior for solids are solved to determine when the structure will fail. Typically, the material properties are required input for the model as well as the boundary conditions (i.e., the fire exposure) for the structural element.
These models can be very useful for determining when a beam or column will deform or fail, and for solving for a temperature versus time curve at a certain depth inside the structural element. Since many structural elements are constructed differently, have different features, and have different practical applications, care must be used in selecting a model that properly characterizes the structural element.
The number of fire endurance models identified in this survey has increased by a factor of two as compared to the earlier survey [1] . This trend is again due to improved computer resources, allowing more complete and complex finite element calculations to be conducted on structural elements. Also, the trend towards performance-based design has led to more model creation for structural elements. Table 5 lists the fire endurance models identified for the model survey.
Miscellaneous Models
The models which are not appropriate for one of the previous categories or have features which fulfill more than one of the other categories have been termed miscellaneous. Many of these models are computer programs which contain many submodels and therefore can be used for several of the categories listed above. These are suites of programs which have several separate models which each address an individual aspect of fire and are contained in one computer package. Others are programs which model unique aspects of fires such as radiation or risk.
The number of these types of fire modeling programs has also increased substantially since the earlier survey was compiled. The models in this category can address such a wide variety of fire engineering subjects that their growth possibility is endless. Table 6 lists the models termed miscellaneous identified for the model survey. 
ABAQUS (US), ALGOR (US), ANSYS (US), COSMOS/M (US), FASBUS, LUSAS (UK), NASTRAN (US), TAS (US), VULCAN (UK), WALL2D (Canada).

CONCLUSIONS AND FUTURE WORK
The number of models identified by the fire engineering community has increased substantially over the last ten years. Of particular interest is the increase in available field and miscellaneous models. The field models are increasing in numbers and complexity due to increases in available computer resources, research, and practical knowledge. The miscellaneous models are increasing in numbers due to a greater, more accessible database of fire data. Therefore, computer fire modeling is moving in a trend to provide predictions that are more accurate, as well as predictions about fire phenomenon that previously no computer fire model addressed.
The database of survey results will be made available on the internet for free, at www.firemodelsurvey.com and will likely supplement another model survey being conducted currently by the International Council for Research and Innovation in Building and Construction (CIB) which is surveying models on building performance, including fire performance [7] . It is the hope of the authors that the developers will continue to utilize the survey as a means of providing information about their model to the fire engineering community. 
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APPENDIX A Sample Survey Form
Model Name:
FAST/CFAST Version:
3.1.6 Classification:
Zone Model Very Short Description:
A zone model to predict the environment in a compartmented structure. CFAST is a zone model and is used to calculate the evolving distribution of smoke, fire gases and heat throughout a constructed facility during a fire. In CFAST, each compartment is divided into two layers, and many zones for detailed interactions. The modeling equations used in CFAST take the mathematical form of an initial value problem for a system of ordinary differential equations (ODE). These equations are derived using the conservation of mass, the conservation of energy, the ideal gas law and relations for density and internal energy. These equations predict as functions of time quantities such as pressure, layer heights and temperatures given the accumulation of mass and enthalpy in the two layers. The CFAST model then solves of a set of ODEs to compute the environment in each compartment and a collection of algorithms to compute the mass and enthalpy source terms. The model incorporates the evolution of the species, such as carbon monoxide, which are important to the safety of individuals subjected to a fire environment.
Version 3.1.6 models up to 30 compartments, a fan and duct system for each compartment, 31 individual fires, up to one flame-spread object, multiple plumes and fires, multiple sprinklers and detectors, and the ten species considered most important in toxicity of fires including the effective fatal dose. The geometry includes variable area-height relations, ignition of multiple objects such as furniture, thermophysical and pyrolysis databases, multilayered walls, ignition through barriers and vents, wind, the stack effect, building leakage, and flow through holes in floor-ceiling connections. The distribution includes graphic and text report generators, a plotting package and a system for comparing many runs done for parameters 43 
